Near infrared (NIR) spectroscopy was applied to fifty-four species (59 samples in total) representing a diverse array of taxonomic affiliations, wood chemistry and physical properties. Acetone and ethanol were used to remove extractives from the wood samples used in this study. The extracted samples were characterized in terms of collapse-free density, microfibril angle and longitudinal modulus of elasticity (estimated using the collapse-free density and X-ray diffraction data obtained from SilviScan-2). NIR spectra were obtained from the radial longitudinal face of each sample and used to generate calibrations for the measured physical properties. Extraction was found to improve the calibration statistics for all properties.
INTRODUCTION
Recently Schimleck et al. (2001a) demonstrated that near infrared (NIR) spectroscopy could be used to develop general calibrations for wood density and wood stiffness (longitudinal modulus of elasticity -E L ) using NIR spectra collected from the radial longitudinal face of samples representing a number of different species. The species used were from around the world and represented a diverse array of taxonomic affiliations, wood chemistry and physical properties. Schimleck et al. (2001a) found that some species had very large residuals (NIR-fitted value minus laboratory-determined value) when calibrations for the measured physical properties were developed. Two species that were noted as having large residuals for the stick density calibration (based on the air-dry density of samples that were 20 mm by 20 mm transversely and 300 mm longitudinally, referred to as the D stick calibration) were Chlorophora excelsa (Welw.) Benth. et Hook. f. and Daniellia ogea Rolfe ex Holl. Both species are known to have high levels of extractives and it was suggested by Schimleck et al. (2001a) that the development of calibrations using extracted wood might provide improved results for these species. Therefore the aims of this study were: a) to develop calibrations for density, stiffness and microfibril angle (MFA) using NIR spectra obtained from the radial longitudinal face of samples representing a number of different species that had been extracted using acetone and ethanol, and b) to compare the calibrations developed in this study with those reported earlier by Schimleck et al. (2001a) .
EXPERIMENTAL

Sample selection
Fifty-nine samples from fifty-four species that had an extremely wide range of wood properties and included many commercially important timber species from around the world, were selected from the CSIRO Forestry and Forest Products H.E. Dadswell wood library. Only the heartwood of these samples was analysed.
Sample preparation
The small wooden strips (2 mm tangentially, 7 mm longitudinally, ~20 mm radially) representing the samples described in Schimleck et al. (2001a) were extracted in acetone for eight hours. The acetone was then exchanged with ethanol for a further eight hours. The primary purpose of using ethanol was to minimise cellular collapse on drying. Any further removal of extractives in this step was fortuitous. The samples were extracted in four groups of approximately fifteen samples to minimize the time required to complete extractions.
Wood properties
Dimensions (prior to extraction) and masses (after extraction) of the SilviScan-2 test samples were used to calculate their average air-dry densities (Ext. D strip ). This procedure eliminates possible effects of excessive shrinkage on extraction and allows a more direct comparison with the strip densities (D strip ) reported in Schimleck et al. (2001a) . Microfibril angle of the extracted samples (Ext. MFA) was estimated on SilviScan-2 using scanning X-ray diffractometry (Evans 1998 (Evans , 1999 Evans & Ilic 2001) . 100/Ext. MFA (Schimleck et al. 2001b ) was also calculated. Extracted sample stiffness (Ext. E L(SS) ) was estimated using Ext. D strip and SilviScan-2 X-ray diffraction data. For comparative purposes stiffness of the unextracted samples (E L(SS) ) was estimated using known strip densities (D strip , Table 1 , Schimleck et al. 2001a ) and X-ray diffraction data obtained from the unextracted samples. The sample species, country of origin and unextracted (E L(SS) ) and extracted wood properties (Ext. D strip , Ext. E L(SS) , Ext. MFA and 100/Ext. MFA) are given in Table 1 . Schimleck et al. (2001a) , Table 1 , provides information relating to unextracted wood properties.
Near infrared spectroscopy
NIR diffuse reflectance spectra were obtained from the radial longitudinal face of each extracted sample using a NIRSystems Inc. Model 5000 scanning spectrophotometer. Samples were held in a custom-made holder (Schimleck et al. 2001b) . A 5 mm × 15 mm mask was used to ensure that a constant area was tested. The spectra were collected at 2 nm intervals over the wavelength range 1100-2500 nm. The instrument reference was a ceramic standard. Fifty scans were accumulated for each 15 mm sample strip and the results averaged. One average spectrum was obtained per strip.
The spectra were converted to the second derivative mode (Shenk et al. 1992 ) for the development of calibrations using the instrumentʼs NSAS ® software. A segment width of 10 nm and a gap width of 20 nm were used for the conversion.
Calibration
Calibrations were developed for each wood property using Partial Least Squares (PLS) regression. A detailed description of PLS regression is provided by Esbensen et al. (1994) . All samples were used to develop the calibrations. The number of factors used to develop the calibrations was the same as reported in Schimleck et al. (2001a) .
Calibration statistics
The measure of how well a calibration fits the data is the Standard Error of Calibration (SEC). Schimleck et al. (2001b) gives the formula used to estimate the SEC.
RESULTS
Ext. D strip calibrations
The calibrations developed for Ext. D strip (extracted collapse free density) using NIR spectra obtained from the radial longitudinal face of each extracted wood sample are given in Table 2 . The Ext. D strip calibrations developed using two and three factors had similar R 2 and SEC values to those reported for the unextracted samples (Table 3 , Schimleck et al. 2001a) . Ext. D strip calibrations developed using four to six factors had higher R 2 values and considerably lower SEC values with the differences between the extracted and unextracted D strip calibrations becoming greater as more factors were used, particularly for the SEC. A plot of laboratory-determined Ext. D strip versus NIR-fitted Ext. D strip for the four-factor calibration is given in Figure 1 . Note that the regression line has been plotted for all figures and that the four-factor calibration was selected to facilitate comparison with Figure 1 in Schimleck et al. (2001a) . Figure 1 illustrates the improved calibration statistics reported in Table 2 with the calibration samples generally being close to the regression line. Seven samples had residuals (NIR-fitted Ext. D strip minus laboratory-determined Ext. D strip ) greater than 100 kg/m 3 (compared to eight in Schimleck et al. 2001a ). Of these, two had residuals less than 104 kg/m 3 . Two samples (Chlorophora excelsa (Welw.) Benth. et Hook. f. and Daniellia ogea Rolfe ex Holl.) were reported by Schimleck et al. (2001a) to have very large residuals for the D stick calibration and they had residuals of a similar magnitude for the D strip calibration (not reported in Schimleck et al. 2001a) . For the calibration shown in Figure 1 both C. excelsa (-103 .9 kg/m 3 ) and D. ogea (-164 .4 kg/m 3 ) had large residuals but were greatly reduced compared to those reported in Schimleck et al. (2001a) indicating that extraction improved the results for these species.
Both positive and negative changes in residuals were observed on extraction. Acacia mearnsii De Wild. showed a dramatic reduction in the size of its residual which improved from -119.2 kg/m 3 for the unextracted D strip calibration to 6.4 kg/m 3 for the Ext. D strip calibration. Two samples (Grevillea robusta A. Cunn. and Castanospermum australe A. Cunn.) showed large increases in their residuals on extraction. The G. robusta sample exhibited the largest change (from 44.7 kg/m 3 to 155.6 kg/m 3 ).
E L(SS) and Ext. E L(SS) calibrations
The calibrations developed for E L(SS) and Ext. E L(SS) using NIR spectra obtained from the radial longitudinal face of each extracted and unextracted wood sample are given in Table 3 . Table 4 ). The largest differences between the two sets of calibrations were observed when six and seven factors were used, giving appreciably lower SECs for E L(SS) . Three species were observed by Schimleck et al. (2001a) to have residuals greater than ± 4.0 GPa. Of these only Sindora sumatrana Miq. still had a residual greater than 4.0 GPa for the E L(SS) calibration. The strong linear relationship between E L and E L(SS) (R 2 = 0.90) explains why the calibrations were similar.
The Ext. E L(SS) calibrations were found to have improved statistics compared to the E L(SS) calibrations regardless of how many factors were used. Unlike density the differences between the two sets of calibrations did not become greater as more factors were used. The greatest difference in SECs (0.20) occurred when five factors were used. A plot of laboratory-determined Ext. E L(SS) versus NIR-fitted Ext. E L(SS) for the sevenfactor calibration is given in Figure 2 . Again, seven factors were chosen to facilitate comparison with Figure 3 in Schimleck et al. (2001a) .
For the Ext. E L(SS) calibration five samples had residuals greater than 3.5 GPa with Gluta renghas L. having the largest (4.0 GPa). The three samples reported by Schimleck et al. (2001a) to have residuals greater than 4.0 GPa for the E L calibration were not represented in this group. Of the three samples noted by Schimleck et al. (2001a) S. sumatrana had the largest residual (-3.4 GPa).
Ext. MFA and 100/Ext. MFA calibrations
The Ext. MFA and 100/Ext. MFA calibrations, developed using NIR spectra obtained from the radial longitudinal face of each extracted wood sample, are given in Tables 4  and 5 . Compared to the MFA and 100/MFA calibrations reported in Schimleck et al. (2001a) , the calibrations developed using extracted woods had superior calibration statistics for an equivalent number of factors with the greatest differences observed when five factors were used. The improvement in statistics was most pronounced for the 100/Ext. MFA calibrations. For example, the five-factor 100/Ext. MFA calibration developed using the extracted samples had an R 2 of 0.69 and an SEC of 0.92 which is a considerable improvement compared to the five-factor calibration obtained using unextracted samples (R 2 = 0.53 and SEC = 1.23). The software recommended three factors for the extracted wood 100/Ext. MFA calibration and it is shown in Figure 3 . Figure 3 demonstrates that it is possible to obtain a reasonable relationship for 100/ Ext. MFA using NIR spectra obtained from the radial longitudinal face of extracted solid wood samples. One sample (Sindora sumatrana) was reported by the software to be an outlier owing to its large residual (-2.4°). If this sample was removed from the set and a new 100/Ext. MFA calibration developed, a six-factor calibration was recommended giving an R 2 = 0.77 and an SEC = 0.79.
DISCUSSION
The results presented in this study demonstrate that it is possible to develop calibrations for a range of wood properties using extracted solid wood samples obtained from a wide range of species that represent a diverse array of taxonomic affiliations, wood chemistry and physical properties. The results also show that calibration statistics, that give a measure of the correspondence between NIR-fitted and laboratory-determined data, were improved by extraction. The stiffness and MFA calibrations developed using extracted and unextracted samples showed the greatest differences when five factors were used. For density it was found that the differences between calibrations became greater as more factors were used.
Wood extractives include a wide variety of non-structural compounds that can be extracted by solvents including acetone, ethanol, methanol and water (Bootle 1983) . The amount of extractives in wood is highly variable and can range from 3 to 30% (Haygreen & Bowyer 1996) . Consequently, variation in extractives content can cause variation in wood properties such as density. Many of the species used in this study are known to contain high levels of extractives (e.g., Chlorophora excelsa and Daniella Fig. 3 . Relationship between laboratory-determined 100/microfibril angle (100/Ext. MFA) and NIR-fitted 100/Ext. MFA for the three-factor calibration. ogea) and Schimleck et al. (2001a) considered it possible that the removal of extractives may provide improved results for these species. The findings of this study show that extraction does improve the results for the species noted (particularly C. excelsa) but that some species are negatively affected. For the whole sample set, acetone extraction improved the NIR calibration statistics.
The negative impact of extraction on some species was most noted when the residuals for the extracted and unextracted D strip calibrations were examined. Two samples, Castanospermum australe and Grevillea robusta, showed a large increase in their residuals when extracted samples were used for calibration. It is uncertain why these samples showed such a large increase in their residuals. The change in density of these samples, 5.2% (C. australe) and 2.4% (G. robusta), was relatively small and well within the range observed. It is possible that acetone extraction changed the cell wall chemistry of these samples in a way that was not consistent with the other samples, i.e., hemicelluloses may have also been removed by extraction.
